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Abstract

c-axis fabric and microstructures in a quartzite sample, sheared and extensively recrystallized under greenschist facies
conditions, have been analyzed and compared with theoretica predictions using a viscoplastic self-consistent model
modified to incorporate the effects of dynamic recrystallization. An asymmetric small-circle c-axis fabric about the finite
shortening z-axis with a small half opening angle (35°) is present in the sample; it consists of four orientation components
which are represented by host grain c-axis orientations (referred to as A, B, C and D): A and B are at high angles to the
foliation plane, displaced against and with the sense of shear, respectively; C is in an intermediate direction between the
Y- and Z-axis of finite strain, and D forms a subsidiary concentration around the intermediate strain (Y-) axis. B- and
C-grains are favorably oriented for basal (0001) and pyramid {1011} (a) slip, respectively, and strongly deformed, while A-
and D-grains are unfavorably oriented for the slip systems and little or moderately deformed. Some of A-grains are even
fractured. The degree of dynamic recrystallization increases with increasing strain undergone by differently oriented grains
(in the sequence of A-, D-, C- and B-grains). Microstructural evidence and theoretical predictions indicate that harder A-,
C- and D-grains were significantly consumed by the grain boundary migration of the softer recrystallized B-component
(although the consumption of A-grains was not really documented in the quartzite sample). The conclusion is supported by
the fact that the B-component is much more dominant in the recrystallized than in the host c-axis fabric. Hence, the c-axis
maximum nearly perpendicular to the shear plane and apparently displaced with the sense of shear commonly found in
naturally sheared quartzites (correlated with the B-component) is presumably developed by the growth of soft orientations
for basal (0001) slip by grain boundary migration at large strains. [0 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction as LPO in this study) in deformed and recrystallized
guartzite has remained enigmatic (e.g. Hobbs, 1968;
The role of dynamic recrystallization in the de- Jessell, 1988a,b), and a better understanding of dy-

velopment of lattice preferred orientation (referred to namic recrystallization in quartz is necessary if LPO

patterns in recrystallized quartzite are used to inter-
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24 0735; E-mail: toru@|etitbe.geol .sci.hiroshima-u.ac.jp and Gleason et a. (1993) demonstrated that three
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different regimes of dynamic recrystallization can
be identified in experimentally deformed quartzites:
strain-induced grain boundary migration (GBM) at
low T, subgrain rotation at medium T and GBM
driven by grain boundary energy at high T. The
kinematically induced L PO in quartz polycrystals re-
sulting from intracrystalline slip is not greatly mod-
ified by rotation recrystallization, because the lattice
orientations of the rotated subgrains are controlled
by those of the host grains (e.g. Lloyd and Freeman,
1991, 1994; Gleason et al., 1993). Subgrain rota-
tion recrystallization is important at relatively low
strains. At larger strains migration recrystallization
becomes dominant over subgrain rotation and this
can greatly modify the LPOs (e.g. for olivine, Zhang
and Karato, 1995; for norcamphor (quartz analogue),
Herwegh and Handy, 1996), although the facts have
not yet been demonstrated for quartz.

One driving force for grain boundary migra-
tion is the difference in the strain energy asso-
ciated with dislocations between adjacent grains
(e.g. Gottstein and Mecking, 1985; Humphreys and
Hatherly, 1995). Since the deformation of individual
grains is orientation-dependent, the strain energy is
also. Therefore polycrystal plasticity models which
predict strain energy in differently oriented grains
can be used to predict processes during dynamic
recrystallization. Wenk et al. (1997) have used avis-
coplastic self-consistent model to simulate the LPO
development caused by concurrent intracrystalline
dip and grain boundary migration (i.e. nucleation
and growth) in quartz and other materias. For quartz
the results are promising because some of the LPO
components, particularly the commonly observed
and enigmatic c-axis maximum at Y (intermediate
axis of finite strain) (e.g. Bouchez, 1977; Helming et
al., 1994) can be explained.

For simple shear, polycrystal plasticity theories
predict a c-axis fabric with internal asymmetry (Lis-
ter and Williams, 1979; Wenk et al., 1989). Re-
ferring to the internal asymmetry of c-axis fabric,
the determination of sense of shear is unequivocal
in naturally deformed quartzite (e.g. Law, 1990).
Nevertheless, the c-axis fabric patterns are often sig-
nificantly different between models and natural data.
While asymmetric crossed girdles rotated against the
sense of shear (relative to coaxia pure shear defor-
mation) are predicted for model simple shear c-axis

fabrics, single girdle or a maximum c-axis fabric
rotated with the sense of shear is often developed
in naturally sheared quartzite. The models are for
deformation by dlip, whereas the natural quartzites
are generaly recrystallized. In fact the shear experi-
ments of Dell’ Angelo and Tullis (1989) illustrate a
c-axis maximum displaced against the sense of shear
for low strain and a maximum displaced with the
sense of shear for high strain where recrystallization
occurs.

In this paper we make an attempt to reconcile
the controversy about the effect of dynamic recrys-
tallization on LPO development through a detailed
analysis of microstructure and LPO in a quartzite
sheared under greenschist facies conditions. By di-
viding the c-axisfabric into afew orientation compo-
nents and relating crystal orientation and microstruc-
ture, it can be shown that grains belonging to each
orientation group exhibit characteristic deformation
and recrystallization features. The orientation-depen-
dent deformation and recrystallization mechanisms
in this natural quartzite are then discussed by com-
paring the microstructures with predictions from a
deformation-based model of dynamic recrystalliza-
tion.

2. Geological setting and sample description

The quartzite used in this study was selected
among many metamorphic quartzites because of the
wide variety of microstructural features associated
with elements of preferred orientation. The sample
Sci 490 is a quartz layer in a metasedimentary se-
gquence from Val Albigna in the Bergell Alps of
southeastern Switzerland. The metasediments com-
pose the northern envelope of the Tertiary Bergell
granite and were deformed and recrystallized concur-
rently with the emplacement of the granite (Wenk,
1973). Mylonitic textures, particularly of quartz, and
regular foliations and lineations are widely present
in the granite and adjacent rocks. The quartz layer
perhaps originated from quartzite (quartz arenite),
which alternates with metamorphosed pelitic layers
consisting of muscovite, biotite, fibrolite, andalusite,
garnet, plagioclase and quartz. The metamorphic
mineral assemblages indicate temperature—pressure
conditions of amphibolite facies (>500°C).
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3. Deformation and recrystallization
microstructures

Both the XZ and Y Z sections are prepared from
the sample, where the X-, Y- and Z-axis denote
elongation (lineation), intermediate and shortening
(normal to the foliation) axes of finite strain, respec-
tively (Fig. 1a). In this study, c-axis orientations of
individual grains were measured with a U-stage for
LPO analysis. Analyses of deformation and recrys-
tallization microstructures such as equivalent diame-

ter (described below) and aspect ratio of relict host
grains, have been carried out with a petrographic
microscope both in the XZ and Y Z sections of the
quartzite sample.

3.1. Microstructuresindicative of shear strain

In the XZ section of sample Sci 490, a shear
deformation with a top-to-the-northwest sense (i.e.
thrust sense of shear) is indicated by C'-type shear
bands (Berthé et al., 1979, or extensional crenulation

Schistosity (XY-plane): N62°E61°S
Lineation (X): N38°W61°S

& i ¥ el =

Fig. 1. (8) Schematic sketch of the quartzite sample and sample coordinates used for the microfabric analysis. (b) A shear band
(micrographs, plane polarizers) indicative of shear strain in the XZ section of sample Sci 490 (the orientations of the X- and Z-axis
are shown in the micrograph by arrows). A top-to-the-northwest sense of shear (shown by arrows) is inferred from the displacement of
separated muscovite crystals. Grt, Bt and Ms denote garnet, biotite and muscovite, respectively. Scale bar 0.5 mm.
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cleavage after Platt and Vissers, 1980) (Fig. 1b). The
average trace of shear bands is rotated counterclock-
wise by 20° from the foliation plane about the Y -axis
(SB in Fig. 2a). The top-to-the-northwest sense of
shear conforms with the shear sense inferred from
both the asymmetry of the quartz c-axis fabric and
oblique foliation in recrystallized grains which are
described below. It has been demonstrated that shear
bands develop at a relatively small amount of shear
strains (y > 2) in experimentally sheared quartzites
(Dell’ Angelo and Tullis, 1989).

3.2. c-axis fabric componentsin host grains and
inferred dlip systems

Although recrystallization is extensive in quartz
grains from the sample, the core of host grains is
often preserved. Therefore, the c-axis fabric was an-
alyzed separately for relict host and recrystallized
grains. The c-axis fabric in relict host grains is very
strong with a few well-defined components, named
A, B, C and D (Fig. 2ab). Here each c-axis ori-
entation represents an average c-axis orientation in
kinked or polygonized host grains (2—10 measure-
ments have been performed in misoriented domains
of each host grain). The host c-axis fabric consists
of asymmetric small circle girdles about the Z-axis,
rotated by 10° with the sense of shear about the
Y-axis. The half opening angle of the small circles
is approximately 35°. A small c-axis concentration
exists close to the Y-direction, which could indi-
cate that the small circle girdles are transitional to
type | crossed girdles after Lister (1977). The small
circle c-axis fabric with a small haf opening an-
gle suggests that the deformation took place under
greenschist facies conditions (ca. 300—400°C) (e.g.
Lister and Dornsiepen, 1982; Takeshita and Wenk,
1988; Takeshita, 1996), correlative with regime Il in
experimentally deformed quartz aggregates by Hirth
and Tullis (1992). It indicates that the deformation
of quartz occurred during a retrograde stage after the
peak metamorphism in amphibolite facies conditions
evidenced by the metamorphic mineral assemblages.

The LPO of this sample has been previousy
investigated by neutron diffraction (Fig. 2c, Helming
et a., 1994). From adeconvolution of the orientation
distribution into components, the bulk texture can
be described by a fairly large number of geometric

components. Most of them are related pairwise by
a 60° rotation about the c-axis indicating that the
texture of this sample displays basically hexagonal
crystal symmetry. The (0001) pole figure determined
by neutron diffraction is similar to the host c-axis
fabric measured with a U-stage (and more so to the
composite c-axis fabric shown in Fig. 8a). It should
be emphasized that in this paper we only discuss the
c-axis fabric, rather than the full crystal orientation,
and conclusions are therefore limited.

The quartz c-axis fabric pattern has a triclinic
symmetry with some approximation to monoclinic
symmetry. This low symmetry suggests that the de-
formation was non-coaxial. In the c-axis fabric, an
incomplete crossed girdle containing the Y-axis ro-
tated with the sense of shear, and one rotated against
it which merges the former girdle at intermediate
directions between the Z- and Y-axis could be dis-
tinguished (Fig. 2). These two incomplete girdles of
the c-axis fabric can be correlated with the leading
and trailing edges of the asymmetrical crossed girdle
c-axis fabric described by Law (1987), caused by a
simple-shear dominated deformation, with the top to
the northwest.

Orientation components A, B, C and D, distin-
guished in the host c-axis fabric (Fig. 2b) show
characteristic deformation and recrystallization mi-
crostructures. A is a maximum at high angles to the
foliation plane, displaced against the sense of shear,
and B is a similar maximum displaced with the
sense of shear. C represents asymmetrical concentra-
tions in intermediate directions between the Z- and
Y-axis, and D is a subsidiary concentration around
the Y-axis.

3.2.1. Component A (‘A-grains’).

Most of A-grains appear as relatively undeformed
globular grains, although they are commonly poly-
gonized (or kinked) (Fig. 3), suggesting that these
are relict grains surviving dynamic recrystallization.
It is thus concluded that A-grains were not favorably
oriented during most of the non-coaxia strain his-
tory for the activation of basal (0001) slip which was
dominant as inferred below. Similar moderately de-
formed globular grains have been reported in many
of natural quartzites deformed in coaxial strain paths
with c-axes paralel to the Z-axis (e.g. Bouchez,
1977; Law et al., 1984).
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Fig. 2. Quartz texture in sample Sci 490. Upper-hemisphere and equal-area projection in the XZ plane. X and Z denote the elongation
and shortening axes of finite strain, respectively. (a) Scatter diagram of the individual average host c-axis orientations. 130 host grains
were analyzed. The 35° small circles which best approximate the c-axis fabric are shown by solid lines. The great circles denoted by SB
and Sindicate the average trace of shear bands and estimated bulk shear plane, respectively (see text). Arrows indicate the sense of shear.
(b) Same as (@) but indicates orientation components A through D of the host c-axis orientations. (c) (001), (110), (100), (101) and (011)
pole figures measured by neutron diffraction after Helming et al. (1994). Logarithmic contour intervals (0.5, 0.71, 1, etc. multiples of a
random distribution). Dot pattern below 1 m.r.d.



Fig. 3. Micrograph (crossed polarizers) in the Y Z section (orientations shown by arrows) showing deformation and recrystallization microstructures of host grains belonging to
orientation components A through C (see text, denoted by A through C). Note that globular A-grains were separated from a single original grain and polygonized and partly
recrystallized C-grains invaded the gaps. Some parts of the A-grains were rotated to favorable orientations for basal (0001) dlip so that they were deformed extensively. The
azimuth of c-axis orientation in each grain is shown by bars. For grains where the plunge of c-axis orientation exceeds 30°, the c-axis orientations are shown by arrows with the
numbers indicating their plunges. Scale bar 0.5 mm.
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3.2.2. Component B (‘B-grains’)

B-grains are generally highly stretched and can be
called ribbon grains. Narrow kink bands (35—-60 um
in width) whose boundaries are (sub-)parallel to the
c-axis are pervasively developed in B-grains (Fig. 4).
It is thus inferred that basal slip was dominant and
B-grains were perhaps in the favorable orientations
for basal dip during most of the non-coaxia strain
history.

3.2.3. Component C (‘C-grains)

C-grains are also stretched, similar to B-grains
(Figs. 3 and 4). Even though kink bands with bound-
aries (sub-)parallel to the c-axis are also developed
as in B-grains, inhomogeneous patchy and wavy ex-
tinction is more common in C-grains than in other
differently oriented grains (Fig. 9). Subbasal de-
formation lamellae after Ave Lalement and Carter
(1971) are sometimes found only in C-grains indi-
cating the occurrence of basal dlip.

3.2.4. Component D (‘D-grains’)

D-grains are mostly characterized by elongated
kink bands (ca. 50—-100 p.m in width) whose bound-
aries are parallel to both the c-axis and the trace
of foliation (Fig. 4), suggesting the dominant ac-
tivation of basal dlip. D-grains are dightly more
deformed than A-grains, but less deformed than B-
and C-grains, asis quantitatively analyzed bel ow.

3.3. Microstructures of deformed host grains

In the analyzed quartzite sample, it is easy to
trace the outline of A- and D-grains under a mi-
croscope because these grains are little and only
partly recrystallized, respectively (Figs. 3 and 4).
B- and C-grains are extensively (or moderately in
some cases) recrystallized (Figs. 4 and 9) consisting
of a polygonized (or kinked) core and a recrystal-
lized mantle. As discussed below, recrystallization
occurs by both subgrain rotation and grain boundary
migration in the quartzite sample. In the case that
recrystallization is moderate and dominantly occur-
ring by subgrain rotation in both B- and C-grains, it
can be possible to identify the outline of the shape
of deformed original grains before recrystalization
by tracing the continuity of crystallographic orien-
tations in recrystallized grains under a microscope.

This way we measured the length of long and short
axes (denoted as a and b, respectively) and deter-
mined the diameter of equivalent circle (v/ab, here
referred to as the equivalent diameter) and aspect
ratio (a/b) of deformed shape of host grains both in
the XZ and Y Z sections.

The aspect ratio has been analyzed as a function
of c-axis orientation. The aspect ratio can be ap-
proximated as strain ratio both in the XZ and YZ
sections, if the initial shape of detrital quartz grains
is close to a sphere. The mean aspect ratios in dif-
ferent orientation components vary greatly: A 3.5, B
122, C 94 and D 4.6, and A 4.9, B 10.6, C 8.6
and D 5.6 inthe XZ and Y Z sections, respectively
(Fig. 5). The aspect ratios of B- and C-grains are
dightly but consistently higher in the XZ thanin the
Y Z sections, and the k-value (Flinn, 1962) for these
grainsisinferred to be 0.01 (oblate shape).

It is clear from the detailed analysis of grain
aspect ratios that B- and C-grains are much more
strained than A- and D-grains, in other words there
was a large plastic anisotropy. The plastic anisotropy
is also clearly shown in both c-axis fabric diagrams
from the XZ and YZ sections (Fig. 6) where the
size of sguare symbols showing individual c-axis
orientations is proportional to the value of the aspect
ratio in each grain.

The individua equivalent diameter has also been
analyzed as a function of c-axis orientation. The
mean equivalent diameters of A-, B-, C- and
D-grains are 536, 1609, 1427 and 802 wm in the
XZ,and 745, 989, 1167 and 1544 uminthe Y Z sec-
tions, respectively, indicating that A-grains are much
smaller than the other differently oriented grains
(Fig. 7). This is not necessarily due to a smaller
original size of the A-grains, but rather indicates that
some of A-grains are separated fragments of initially
larger host grains which are dispersed into strongly
deformed B- and C-grains (ductile matrix), as shown
in Figs. 3 and 4. The fracturing of A-grains suggests
that they were oriented in hard orientations during
most of the non-coaxial strain history.

3.4. c-axis fabric and microstructures of
recrystallized grains

As mentioned earlier, while A-grains are little
recrystallized and D-grains are only partly recrys-
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Fig. 4. (8) Micrograph (crossed polarizers) and (b) sketch (for the same area and magnification as (a)) in the Y Z section (orientations shown by arrows in (b)) showing deformation
and recrystallization microstructures of host grains belonging to orientation components A through D (see text, denoted by A through D in (b)). Both B- and C-grains are highly
deformed and extensively recrystallized. Kink bands parallel to both the c-axis and the trace of foliation are developed in a moderately deformed D-grain. Note that an A-grain at
the left side is pulled apart, and recrystallized B-grains flow into the gap. Also note lobate or serrated shape of grain boundaries denoted by small arrows in (a), indicative of the
occurrence of grain boundary migration. The c-axis orientation in each grain is shown by an arrow with the number indicating its plunge in (b). Dots in (b) denote muscovite. Scale
bar in (a) 1 mm.
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Fig. 5. Frequency distribution of aspect ratio of host grains represented separately for each orientation component A through D (see text).
The number of analyzed host grainsis 73 and 57 for the XZ and Y Z sections, respectively. (8) XZ section. (b) Y Z section.

tallized, both B- and C-grains are either moderately
or extensively recrystallized. This confirms that the
degree of dynamic recrystallization increased with
increasing strain undergone by differently oriented
grains.

Microstructures and L POs of recrystallized grains
can tell us the mechanisms of dynamic recrystal-

lization. The composite c-axis fabric diagram from
both host and recrystallized c-axis orientations in
the quartzite sample is shown in Fig. 8a. Although
the composite c-axis fabric does not differ greatly
from the host c-axis fabric (Fig. 2a), it is more
scattered. Furthermore, the density of the B-compo-
nent is higher in the composite (also in the (0001)
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Fig. 6. Dependence of the aspect ratio of individua host grains on their c-axis orientations (plastic anisotropy). Upper-hemisphere and
stereographic projection in the XZ plane. The aspect ratio is denoted by the size of square marks indicating individual host c-axis
orientations. Each host c-axis orientation belongs to different orientation components A through D (see text) shown by different symbols.
X and Z denote the elongation and shortening axes of finite strain, respectively. See text for the explanation of dashed lines. The number
of analyzed host grains is 73 and 57 for the XZ and Y Z sections, respectively. (@) XZ section. (b) Y Z section (projected in the XZ

plane).

pole figure by neutron diffraction, Fig. 2c) thanin the
host c-axisfabric, indicating the higher density of the
B-component in the recrystallized c-axis fabric. The
c-axis orientation distribution in recrystallized grains
originating from some selected B- and C-grains is
shown in Fig. 8b. From this figure, it is seen that a-
though the c-axis orientations cluster around the host
c-axis orientations, they are fairly scattered, particu-
larly those in recrystallized grains originating from
C-grains.

The c-axis orientation distribution in recrystal-
lized grains originating from a C-grain was analyzed
in detail (Fig. 9). First, note that the long axes of
recrystallized grains are rotated clockwise by 10-30°
from the X-axis about the Y-axis forming the oblique
foliation indicative of a shear deformation with a
top-to-the-northwest sense. Based on the c-axis fab-
ric of recrystallized grains (Fig. 9b) (and aso the
recrystallized c-axis fabric shown in Fig. 8b), it
can be shown that recrystallized grains are divided

into two types. In the first type c-axis orientations
of recrystallized grains are similar and continuous
to the host c-axis orientations. In the second type
c-axis misorientations from the host c-axis are large,
mostly more than 50° and up to 90°. The former and
latter types of recrystallized grains were presumably
caused by subgrain rotation and grain boundary mi-
gration recrystallization with the formation of low-
and high-angle grain boundaries, respectively.

The shape of high-angle boundaries of both de-
formed host and recrystallized grains is often ex-
tremely lobate or serrate indicating grain boundary
migration (Fig. 4a and Fig. 94). It seems that C-
and D-grains were significantly consumed by the
grain boundary migration of recrystallized grains
oriented in B-directions (here referred to as recrys-
tallized B-component). A common example is shown
in Fig. 9, where the recrystallized B-component sig-
nificantly grows at the expense of a C-grain by grain
boundary migration.
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Fig. 7. Frequency distribution of equivalent diameter (see text) of host grains represented separately for each orientation component A
through D (see text). The number of analyzed host grainsis 73 and 57 for the XZ and Y Z sections, respectively. (@) XZ section. (b) YZ

section.

4. Simulation of c-axisfabric development in
quartzite by a defor mation-based model of
recrystallization

4.1. Model

The complex mutual influence of anisotropy,
LPO, plastic deformation and recrystallization of

real polycrystaline materials has been investigated
with polycrystal plasticity models (Kocks et al.,
1998). A rea polycrysta deforms maintaining lo-
cal stress equilibrium and strain compatibility, which
is achieved through the development of intergran-
ular and intragranular heterogeneities (i.e. variation
of stress and strain from grain to grain and within
grains, respectively). The viscoplastic self-consis-
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Fig. 8. (8) The composite c-axis fabric from both host and recrystallized c-axis orientations (the number of measurement is 350), and
(b) the c-axis fabric in recrystallized grains from selected four B-grains and nine C-grains (the number of measurement is 151). Open
squares in (b) denote the c-axis orientations of host grains. Upper-hemisphere and equal-area projection in the XZ plane. X and Z

denote the elongation and shortening axes of finite strain, respectively.

tent (VPSC) formulation (e.g. Malinari et al., 1987,
Lebensohn and Tomé, 1993) captures some aspects
of this heterogeneity by allowing stress and strain
rate in the grains to vary, depending on crystal ori-
entation. The VPSC model basically considers each
grain of the polycrystal as a viscoplastic inclusion
deforming in a viscoplastic homogeneous effective
medium having the average properties of the poly-
crystal. The model has been applied to hexagonal
metals with similarity to quartz (Lebensohn and
Tomé, 1994; Lebensohn et al., 1996) aswell as many
minerals (Wenk, 1999).

Based on the assumption that the stored strain en-
ergy provides the driving force for recrystallization,
Wenk et a. (1997) proposed a deformation-based
recrystallization model for low-symmetry materias,
which has been implemented within the formula-
tion. In the model, highly strained grains are likely
to recrystallize by nucleation or to be replaced by
grain boundary migration recrystallization of less
deformed neighbor grains. Thus, the dynamic re-
crystallization texture is due to a balance between
nucleation and boundary mobility that makes a grain
shrink or grow. In the model nucleation occurs at
a rate that is proportional to the local strain rate

after a grain attains the threshold value of strain. It
is assumed that the crystallographic orientation of
nucleated grain is the same as that of the host grain.
Therefore, the nucleation process in the model is
similar to subgrain rotation recrystallization in red
materials. In the model the stored strain energy of the
nucleus which gradually replaces the hogt, is set to
zero until the nucleus reaches a certain size, at which
point the nucleus starts to harden again. The strain
energy iscalculated assuming alinear hardening law.
If the stored strain energy of agrain islower than the
average strain energy in the polycrystal, it grows; if
it is higher, it shrinks by grain boundary migration.
The relative grain volume after each strain increment
is calculated from the strain energy difference and
boundary mobility.

The recrystallization simulations have been in
good agreement with previoudy unexplained texture
features observed in experimentally and naturally
deformed rocks. For example recrystallized halite
deformed in extension displays a (100) component
in the inverse pole figure that corresponds to the
most highly deformed grains (Wenk et al., 1997). In
recrystallized quartz mylonites a conspicuous c-axis
maximum oriented in the intermediate axis of finite
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Fig. 9. Dynamic recrystallization in a selected C-grain. (a) Micrograph (crossed polarizers) in the X Z section (orientations shown by arrows). The numbers indicate each part in the
host and recrystallized grains. Scale bar is 0.2 mm. (b) Upper-hemisphere and stereographic projection in the XZ plane of c-axis orientations in host and recrystallized grains from
the C-grain. The numbers correspond to each part in the host and recrystallized grains shown in (a). Open sguares denote host grains. Recrystallized grains denoted by solid and
open circles were perhaps developed by subgrain rotation and grain boundary migration recrystallization, respectively. See text for further explanations.
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strain is often observed. Also here this corresponds
to the most highly deformed grains which nucle-
ate and replace less deformed grains (Wenk et al.,
1997). An enigmatic maximum at high-angle pos-
itive rhombs in inverse pole figures of cacite de-
formed in compression and displaying anincreasein
grain size could be interpreted as due to growth of
the least deformed grains (Lebensohn et al., 1998).
Simulations of Wenk and Tomé (1999) predicted the
[100] maximum in the shear direction observed in
experimentally and naturally deformed and recrys-
tallized olivine.

4.2. Results: comparison of natural data and
simulated results

The natural fabric contains information about
strain path and microscopic deformation mecha-
nisms that were active during the deformation pro-
cess. The VPSC model is used here to assess which
active dip systems are compatible with the measured
natural c-axis fabric. In the simulations we assumed
that the active dlip systems during deformation were
essentially basal (a), pyramid{a) and pyramid(a + c)
dlip systems (here quartz crystal is treated as hexag-
onal), and three different combinations («, g and
y) were investigated (Table 1). It was determined in
the quartzite that basal dip was dominant because
of the frequent occurrence of subbasal lamellae in
C-grains and the orientation relationship between
the host c-axis and kink band boundaries in al of
the differently oriented grains. The pyramid(a) dlip
has been recently documented to be important at
greenschist facies conditions by the misorientation
analysis between recrystallized grains (or subgrains)
(e.g. Lloyd and Freeman, 1994). In the VPSC model
(or other polycrystal plasticity models), some ac-
tivity of pyramid(a + c) slip is always required to

Table 1
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accommodate the shortening (or elongation) parallel
to the c-axis in quartz (e.g. Takeshita and Wenk,
1988). The activation of pyramid(a + c) dip has
also been documented experimentally in naturally
deformed quartz (Fliervoet and White, 1995).

The stress exponent was taken as 3 for the sim-
ulations. Simulations for deformation and dynamic
recrystallization which follows the deformation were
performed for an intermediate strain path between
uniaxial shortening and simple shear, although the
observed oblate deformed grain shape is not ideally
reproduced by such a strain path. The velocity gra-
dient tensor (L;j) for 2.5% shear strain increment
which we chose for the calculation is described as
follows.

0025 -0.05 0.0
Lij=] 00 —0.0125 0.0 (@]
0.0 0.0 —0.0125

In all caseswe started with 250 randomly oriented
and equally sized orientations, and the deformation
was carried out up to 1.0 shear strain (40 steps). All
the fabric diagrams represented in the paper were
obtained from the orientation distribution using the
Berkeley texture package (Wenk et al., 1998).

Fig. 10 illustrates the evolution of the deforma-
tion c-axis fabric for conditions of basal(a) and
pyramid(a) slip equally easy (model 8). Asin pre-
vious simulations a broad girdle develops with a
(0001) maximum near the shear plane normal but
slightly rotated against the sense of shear (Lister and
Williams, 1979; Wenk et al., 1989). The simulated
c-axis fabric is more or less similar with correlative
components to the natural c-axis fabric. The c-axis
fabric patterns are similar for all three models «,
B and y which are shown together with the overall
deformation of individual grains and the shear due to

Slip systems for quartz (treated as hexagonal crystal), number of systems in each family (n), critical resolved shear stress (CRSS) ratios
relative to basal dip and hardening per unit strain used in the polycrystal plasticity simulations

Slip system Abbreviation n a B y Hardening per unit strain
(0001)(1210) basal (a) 3 1 1 1 0.05
{1010}(1210) prism(a) 3 5 5 5 0.05
{1011}(1210) pyramid(a) 6 15 1 05 0.05
{1011}(1123) pyramid(a + c) 12 2 2 2 0.05
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Fig. 10. VPSC deformation simulation of c-axis fabric development for model quartzite g (Table 1) deformed in combined uniaxial
shortening and simple shear. The shear plane, the shear direction and the sense of shear are indicated by arrows. The shortening direction
is perpendicular to the shear plane, which is also indicated by arrows. Deformation step is 2.5% shear strain. Equal area projections. 250

orientations.

basal dip (Fig. 11). Fig. 12 shows the activity of dif-
ferent families of dip systems with increasing shear
strain. It is shown from Fig. 12 that pyramid(a) slip
is as active as, and more active than basal (a) dlip for
model «, and models 8 and y, respectively. While
in the previous simulation (model o of Wenk et .,
1989) where the CRSS of pyramid(a) dip is three
times as high as that of basal(a) dip, the C-compo-
nent cannot be created, in all of the present models
the C-component is distinct (Fig. 11), suggesting a
significant activity of pyramid(a) dlip inthe quartzite
sample.

It is clear from these calculations that grains with
c-axes near the shear plane normal (corresponding

to B-grains in the natural texture) are most heav-
ily deformed with additional highly deformed grains
closer to the Y-axis (C-grains). Grains with c-axes
rotated against the sense of shear (A-grains) are sig-
nificantly harder than B-grains. Grains with c-axes
oriented around the Y-axis (D-grains) are moder-
ately deformed for model «, but highly deformed for
models 8 and y. Since B- and C-grains are more
deformed than D-grains in the quartzite sample,
model « best approximates the plastic anisotropy.
Overadl, for model « ‘soft’ highly deformed grains
correspond to grains with significant basal dip
(Fig. 11a,b).

During deformation by dlip crystals rotate in the
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Fig. 11. VPSC deformation simulation of c-axis fabric development as in Fig. 10 but for model « (aand d), 8 (b and €) and y (c and f)
(Table 1) after 30 steps; c-axis fabric diagram with symbol size illustrating relative equivalent deformation of different orientations (a—c)
and the relative activity of basal dip during the 30th step (d—f). Orientation components A through D are indicated by labels in (a). See
Fig. 10 for explanation of arrows.

VPSC framework due to a vorticity caused by shear
on dip systems, to rigid body rotation of the sam-
ple and due to a relative rotation of the equivalent
polycrystal (Kocks et al., 1998). Different orienta-
tions rotate differently. Fig. 13 shows c-axis rotation
trajectories for nine orientations with symbol sizes
indicating increased deformation. It can be seen that
most rotations are in the sense of shear. Rotations
are large for grains near the shear direction, while
rotations for grains near the normal orientation of
shear plane and the Y-direction are small. It should

be noted that two crystals with the same c-axis but
different a-axis orientations behave very differently.
For example some grains with c-axes near the shear
direction are favorably oriented for basal dlip and un-
dergo large rotations such as an example illustrated
in Fig. 13, whereas others do not deform and hence
do not rotate appreciably.

Dynamic recrystallization was initiated after 30
steps (shear strain of 0.75 corresponding to c-axis
patterns illustrated in Fig. 11). Fig. 14 shows the
c-axis texture evolution for the three models for



T. Takeshita et al. / Tectonophysics 312 (1999) 133-155 149

Model o
60 T T T

50} {1071)<1210>__.--.. J

Ly

401
(0001)<1270>

30}

ACTIVITY OF SLIP SYSTEMS (%)

1011}<1123
23] R L LU LR o
\
10F _ .~
{1070}<T210>
0 1 1 P -
0 0.25 0.5 0.75 1.0
Model B

70 T I L)

ACTIVITY OF SLIP SYSTEMS (%)

10} . B
0 1 1 1
0 0.25 05 0.75 1.0
Model Y
g 80 T T T o]
g 701 (10T1)<T270> .
g 6ol ~ ]
% 50F 1
o
=5 40fF -
w 30} {10T1}<1123> 4
W 3OF . Lemndne
> 20} YT
s K (0001)<T270> 777 T
(I-_:_) 10 - E
< 0 L 1 1
0 0.25 0.5 0.75 1.0
C SHEAR STRAIN Y

Fig. 12. VPSC deformation and recrystallization smulation for
model quartzite o, 8 and y (Table 1). Relative activity (%) of
dip systems for the different models as a function of shear strain.
For models 8 and y, the activity of {1010}(1210)(prism(a)) sip
is negligible (less than 0.5%).

Fig. 13. Rotation trajectories for c-axes of nine grains during
deformation for model quartzite 8. The symbol size is propor-
tional to the overall grain deformation. Equal-area projection.
See Fig. 10 for explanation of arrows.

steps 28, 30, 32 and 34. In these figures, +-symbols
identify old grains, —-symbols stand for newly nu-
cleated grains. The symbol sizeis proportional to the
grain volume (grain size). In all three models many
grains disappear and the fina texture is dominated
by grains with c-axes near the shear plane normal
(B-grains) if basal dip is easier (model «, Fig. 14a),
and grains at intermediate directions (C-grains) if
pyramid(a) slip is easier (model y, Fig. 14c). If
basal and pyramid(a) dlip are equally easy, the final
texture is dominated by both B- and C-grains (model
B, Fig. 14b). The results also interpret the changes
in the activity of different families of dip systems
with increasing strain after the onset of recrystal-
lization (i.e. increase of activity of basal, basal and
pyramid(a) and pyramid(a) slip for models«, 8 and
y, respectively, in Fig. 12). The final texture com-
ponents correspond to ‘easy dlip’ orientations with
the dip directions of the major slip system oriented
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Fig. 14. Smulation of c-axis fabric development for combined uniaxia shortening and simple shear in model « (@), 8 (b) and y (c)
quartzite. The fabric development is caused by both intracrystalline dip and dynamic recrystallization (i.e. nucleation and growth). Steps
28, 30, 32 and 34 are shown, recrystallization starts after step 30, the texture illustrated in step 34 does not change appreciably with
further straining. Equal-area projection. The symbol + indicates old grains, x grains that have nucleated at least once; the size of the

symbols is proportional to the grain volume.

paralel to the macroscopic shear direction and the
dlip plane parallél to the shear plane. These orienta-
tions are special for simple shear deformation in a
self-consistent framework because in such a texture
a single crystal deforms basically in a ‘single crys-
tal’ on asingle dip system with no rotation. During
dynamic recrystallization such a component remains

stable to large strains as has been shown for quartz
(e.g. Schmid et al., 1981), dlivine (Wenk and Tomé,
1999) and calcite (Kunze et al., 1998).

In the model changes occur rather rapidly after
the onset of recrystallization and in only eight steps
an equilibrium dynamic recrystallization texture es-
tablishes. This is largely due to the selection of
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the recrystallization parameters for boundary migra-
tion velocity and nucleation rate relative to strain
rate. The texture in the natural sample investigated
here corresponds best with the simulated textures
in early stages of recrystallization (steps 31-33). In
accordance with microstructural evidence, recrystal-
lization parameters were chosen such that nucleation
dominates over growth and in the end only nucle-
ated grains persist. Whereas deformation textures are
similar for different choices of critical stress ratios,
there are distinct differences for dynamic recrystal-
lization. The best agreement with the natural texture
where the recrystallized B-component is predomi-
nant is obtained for conditions of easier basal than
pyramid(a) slip (model «, Fig. 144). If prism(a) dip
becomes important, the c-axis maximum shiftsto Y
(Wenk et a., 1997), corresponding to textures ob-
served in high-temperature quartz mylonites. It is an
indication that in the sample Sci 490 prism(a) dlipis
subordinate.

5. Discussion

5.1. The sense of rotation of the host c-axis fabric
skeleton relative to coaxial deformation

In the analyzed quartzite sample, the top-to-the-
northwest sense of shear isobvious based on both the
arrangement of shear bands and the internal asym-
metry of the c-axis fabric. It agrees with the field
evidence for emplacement of the Bergell granite in
alargely solid state from the south over underlying
Pennine nappes which contain the quartzite sample
described in this investigation (Wenk, 1973). In this
study, we have compared the sense of rotation of
the host c-axis fabric relative to coaxial deformation
in the natural sample with that in simulations. The
simulated c-axis fabric for combined uniaxial short-
ening and simple shear is obviously rotated against
the sense of shear (Fig. 10), while the natural c-axis
fabric is apparently rotated by 10° with the sense of
shear about the Y-axis. Note, however, that while the
natural c-axis fabric is plotted in the frame of finite
strain, the simulated c-axis fabric is plotted in the
frame of the shear plane. Hence, we have to infer
the orientation of the bulk shear plane in the natu-
ra quartzite for a proper comparison of the rotation

sense between the natural and ssimulated c-axis fab-
rics. A crude estimate on the orientation of the bulk
shear planein the natural quartziteis given below.

Assuming that the X-axisis exactly parallel to the
finite elongation direction and the shear strain (y) is
4 (which yields a strain ratio of ca. 17 for simple
shear) in the XZ section, the angle 6 between the
finite elongation axis and shear plane is calculated
as 14° for the simple shear based on the equation
(tan 20 = 2/y) and indicated as Sin Fig. 2a. The
angle 6 exceeds the rotation angle of the small circle
c-axis fabric with the sense of shear (10°). Hence, it
may be concluded that the c-axis fabric skeleton is
rotated against the sense of shear relative to coaxial
deformation in the natural quartzite, athough the
actual angle 6 could be significantly lower than 14°
for combined uniaxial shortening and simple shear.

Some authors reported natural quartz simple shear
c-axis fabrics (asymmetric crossed girdles, not a
single girdle) which are rotated against the sense
of shear relative to coaxial deformation viewed
in the frame of shear plane (e.g. Brunel, 1980;
Takeshita and Ise, 1994). Furthermore, the c-axis
fabric skeletons at low strains in experimentally
sheared quartzite (Dell’ Angelo and Tullis, 1989)
and quartz analogue (norcamphor, Herwegh and
Handy, 1996) are consistently rotated against the
sense of shear relative to coaxial deformation, where
grain boundary migration recrystallizationisnot sig-
nificant. Considering the complex strain paths and
difficulty for the identification of the bulk shear
plane in naturaly deformed quartzites, it would be
safe to conclude that the simple shear c-axis fabric
skeleton formed by intracrystalline slip alone is ro-
tated against the sense of shear relative to coaxial
deformation.

5.2. Difference between the host and recrystallized
c-axisfabrics: possible effect of dynamic
recrystallization on the fabric devel opment

Compared with the host c-axis fabric (Fig. 2a)
where the c-axis orientations are concentrated in the
narrow zones aong the fabric skeleton, both the
composite c-axis fabric from all the host and recrys-
tallized c-axis orientations (Fig. 8a) and the c-axis
fabric in recrystallized grains (Fig. 8b, Fig. 9b) are
fairly scattered. The composite c-axis fabric skeleton
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is reasonably approximated as asymmetrical small
circles recognizable in the host c-axis fabric skele-
ton. The diffuse nature of the c-axis fabric in the
recrystallized grains perhaps resulted from subgrain
rotation recrystallization. On the other hand, the
B-component is more dominant in the recrystallized
than in the host c-axis fabric. The feature could be
attributed to the oriented nucleation and growth of
the B-component by grain boundary migration (also
seeFig. 9).

It has recently been shown by simple shear de-
formation experiments of a quartz analogue (nor-
camphor) that with increasing strain the c-axis fab-
ric is transformed from asymmetric crossed girdles
(formed at shear strain y = 2 to 4) through a
single girdle (formed a y = 6) into two discrete
maxima (formed a y = 8 to 10) which are ori-
ented perpendicular to the bulk shear plane and in
the intermediate strain (Y) axis, respectively (Her-
wegh and Handy, 1996). The fabric transition has
been attributed to the increasing importance with in-
creasing strain of grain boundary migration versus
glide-induced vorticity and subgrain rotation. Since
the fina orientation components of the c-axes are fa-
vorable for the activation of basal and prism(a) dlip,
the soft grains seem to have grown at the expense of
neighboring hard grains by grain boundary migration
as strain increased.

LPOs in polycrystals are formed by a few tens of
percent of strain, and the individual crystallographic
axis does not rotate much with further increasing
strain relative to the fixed coordinates (i.e. the finite
strain axes for coaxia deformation, and the shear
plane for non-coaxia deformation without spinning)
(e.g. Lister and Hobbs, 1980; Wenk et al., 1989). In
fact, the present model suggests that the orientation
components near the shear plane norma (A- and
B-grains) and in the Y-axis (D-grains) are largely
comprised of grains that are aready initialy close
to these orientations, rather than grains that have
rotated into these orientations (Fig. 13). Therefore,
it is suggested in the present sample that A- and
D-grains, unfavorably oriented for basal dlip (hard
grains), and B-grains favorably oriented for it (soft
grains) remained close to these orientations during
the deformation to large strains. Hence, the hardest
orientation (i.e. that of the least deformed A-grains
which are circled in Fig. 6) is roughly correlated

with the compression direction with respect to the
shear plane at large strains.

C-grains are less favorably oriented for basal dlip
than B-grains, but favorably oriented for harder
pyramid(a) dlip in the framework of shear de-
formation discussed above. The fact that C-grains
are dightly less deformed than B-grains suggests
that these grains were mostly deformed by harder
pyramid(a) dlip irrespective the occurrence of sub-
basal lamellae. Microstructural evidences suggest
that both C- and D-grains were significantly con-
sumed by the recrystallized B-component which
nucleated and grew in the former grains (Fig. 9).
Therefore, in the quartzite sample, softer grains for
basal dip grew significantly at the expense of the
harder grains by grain boundary migration. The con-
clusion is consistent with the result from the simple
shear experiments on a quartz analogue (norcam-
phor) by Herwegh and Handy (1996), but opposite to
deformation experiments on quartzite in regime | by
Gleason et al. (1993) where the hard grains dominate
the recrystallized c-axis fabric.

It can beinferred that the present asymmetric small
circle c-axis fabric is ultimately transformed with in-
creasing strain to a c-axis fabric dominated by ori-
entations favorable for basal dip only (i.e. a single
maximum perpendicular to the bulk shear plane).
Such a single maximum c-axis fabric perpendicular
to the shear plane (note that the c-axis maximum is
rotated with the sense of shear viewed in the frame
of finite strain) is observed in both experimentally
sheared quartzite under low-temperature conditions
(Dell” Angelo and Tullis, 1989) and naturally sheared
quartz schists under greenschist facies conditions
from the Sambagawa metamorphic belt (Tagami and
Takeshita, 1996), where dynamic recrystallization is
extensive. Hence, it is concluded that the commonly
observed c-axis maximum near the Z-axis, rotated
with the sense of shear, in natural quartzite sheared
under greenschist conditions can be attributed to the
growth of soft orientations at the expense of hard ori-
entations for basal dip at large strains.

5.3. Some limitationsin the current model of
dynamic recrystallization

The deformation-based model of dynamic re-
crystallization can predict the essential textural and



T. Takeshita et al. / Tectonophysics 312 (1999) 133-155 153

microstructural features in the naturally deformed
quartzite sample and therefore helps in the inter-
pretation of the deformation history. Of particular
significance are orientation-dependent strain magni-
tude (plastic anisotropy) and increasing degree of
dynamic recrystallization with increasing strain un-
dergone by differently oriented host grains. Also the
model explains the observed ‘easy dlip’ orientation
as a stable component for dynamic recrystalliza-
tion in shear deformation. However, there are some
critical flaws in the current model, which will be
discussed bel ow.

In the current model, it is assumed that the crystal-
lographic orientations of recrystallized (new) grains
are the same as those of host grains. As aresult, the
recrystallized fabric is the same as some components
of the deformation fabric, but the volume of different
components changes due to concurrent grain bound-
ary migration. In the real quartzite sample, however,
recrystallization proceeds by subgrain rotation and
grain boundary migration with the formation of low-
and high-angle grain boundaries, respectively. Ac-
cordingly, the current model fails to predict the
observed dispersion of the deformation fabric. This
could be easily introduced by increasing the number
of grains and by applying some spreading function
during the nucleation event.

Another consideration is preferred nucleation in
specific high-angle misorientations such aslattice co-
incidence misorientations (e.g. McLaren, 1986) ob-
served in some metals. In order to include such fea-
tures it must be first established for quartz (e.g. by
EBSD misorientation analysis) if such misorienta-
tions exist for quartz or if some nuclei form in ar-
bitrary orientations, unrelated to the host crystal. In
the case that misorientationsare important in a partic-
ular system, it would be more natural to advanceto an
approach which takes the polycrystal grain topology
into account (e.g. the self-consistent n-site model of
Canova et a., 1992, or finite element methods as de-
scribed by Dawson and Beaudoin, 1998) to allow for
selective nucl eation and specific boundary migration.

6. Conclusions

(D In the quartzite sample sheared under green-
schist facies conditions (with basal (0001)(a) and

likely pyramid {1011}(a) slip), an asymmetric small
circle c-axis fabric about the finite shortening (z)
axis with a small half opening angle (35°) is de-
veloped consisting of four orientation components
which are represented by host grain c-axis orien-
tations (referred to as A, B, C and D): A and B
are at high angles to the foliation plane, displaced
against and with the sense of shear, respectively; C
is in an intermediate direction between the Y- and
Z-axes of finite strain, and D forms a subsidiary con-
centration around the intermediate strain (Y) axis.
B- and C-grains are favorably oriented for basal (a)
and pyramid(a) dip, respectively, and are strongly
deformed, while both A- and D-grains are unfavor-
ably oriented for the dlip systems and are little or
moderately deformed. Some of the A-grains are even
fractured. The strong plastic anisotropy in the sam-
ple can be well simulated by the VPSC (viscoplas-
tic self-consistent) model, but not by the model of
Taylor (1938) which assumes homogeneous defor-
mation.

(2) The 3-D dtrain ratios in differently oriented
host grains which were estimated from the aspect
ratios in both the XZ and Y Z sections indicate that
the magnitude of strain increases in the sequence
of A-, D-, C-, B-grains. While A-grains are little
recrystallized and D-grains are only partly recrystal-
lized, B- and C-grains are extensively recrystallized,
supporting the concept of strain-induced dynamic
recrystallization.

(3) The microstructural appearances indicate that
harder C- and D-grains were significantly consumed
by the grain boundary migration of the softer recrys-
tallized B-component for basal (a) dip. The conclu-
sion is supported by the fact that the B-component
is much more dominant in the recrystallized than
in the host c-axis fabric. The dominance of the
B-component with increasing recrystallization could
explain why c-axis fabrics are apparently rotated
with the sense of shear found in many naturaly
sheared quartzites.

(4) A deformation-based model of dynamic re-
crystallization also predicts that favorably oriented
grains for easy dip systems grow at the expense of
unfavorably oriented grains. Newly nucleated soft
B-grains grow at the expense of hard A-, C- and
D-grains and dominate the texture.
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